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Remarks 

Status of the Claims 

Claims 8, 12-15, 19-22 and 60-67 are pending. Claims 8, 12-15, 19-22 and 60-66 being 
amended herein. Claims 16-18 are canceled and claim 67 is added herein. 

No New Matter is introduced by the amendments to the claims 

The amendments to the claims introduce no new matter, and support for the amendments 
is replete throughout the specification and claims as originally filed. 

Support for a stabilized oligodeoxynucleotide is found, for example, on p. 16, line 28-p. 
17, line 7 and on p. 21, line 25-p. 22, line 27. 

Support for an oligodeoxynucleotide of between 18 and 30 nucleotides in length, as 
recited in claim 8, is found, for example, on p. 24, lines 4-5, and in the claims as originally filed. 

Support for an oligondeoxynucleotide of the formula recited in claim 8, wherein N is at 
least 5 nucleotides, as recited in claim 60, is found, for example, on p.21, lines 1 1 and 23-24, and 
in the specific sequences disclosed in the specification, such as SEQ ID NO:73 recited in claim 
12 as originally filed. 

Support for an oligodeoxynucleotide comprising at least one additional G, as recited in 
claim 67, is found, for example, on p. 24, lines 13-27. 

Cross reference to related applications 

The cross reference information has been amended to clarify that U.S. Application No. 
09/958,713 "is the United States national phase application under 35 U.S.C. § 371 of PCT 
Application No. PCT/USOO/09839" as requested by the Examiner. The amendments to the cross 
reference information are made merely to correct a matter of form. If the amendment does not 
remove the objection, Applicants respectfully request that the Examiner telephone the 
undersigned to clarify the format preferred by the Examiner. 

Brief Description of the Drawings 

The Brief Description of the Drawings have been amended to correct the reference to 
Figures 4A-F and to Figures 5A-C. 

Substitute Sequence Listing 
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A new sequence listing is provided herewith. A statement in compliance with 37 U.S.C. 
§ 1.821(f) is also provided. No new matter is introduced by the new sequence listing, which is 
presented solely to remedy the absence of renumbered sequences SEQ ED NOs:121, 122, 123 
and 124 (formerly designated in the specification, SEQ ID NOs:127, 140, 141 and 142, 
respectively). Corrections to the specification to render numbering of the sequences contiguous 
are provided in the amendments to the specification. 

Claims 12 and 66 are amended to conform to proper dependent form 

Claims 12 and 66 were objected to as reciting sequences that failed to conform to the 

independent claim from which they depended. Applicants thank the Examiner for pointing out 
this error. Claims 12 and 66 have been amended to delete reference to non-conforming 
sequences. 

Claims 8, 60 and 66 are not indefinite 

Claims 8 and 60 were rejected under 35 U.S.C. § 1 12, second paragraph, as allegedly 

indefinite due to the recitation of the term "about" with respect to a specified number of 
nucleotides. Applicants respectfully disagree that the term "about is indefinite. However, the 
term "about" has been deleted to expedite prosecution. 

Claim 66 was rejected under 35 U.S.C. § 1 12, second paragraph, as allegedly indefinite 
due to the recitation of "not base" or "no base." Claim 66 has been amended to delete reference 
to the terms "not base" or "no base." Dependent claim 67 is added herein to clarify that the 
sequences of claim 66 can include at least one additional G in the 5' far flanking region. Thus, 
claim 66 relates to an embodiment in which no additional bases or additional bases are present, 
and claim 67 relates to an embodiment in which at least one additional G nucleotides is present 
at the 5' far flanking region of the oligodeoxynucleotide. Applicants submit that the amendments 
to claim 66, and the addition of claim 67 remove the rejection. 
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Accordingly, claims 8 5 60 and 66 are not indefinite and the rejection should be 
withdrawn. 

Claims 8, 12-13, 19-22, 60 and 66 are fully enabled 

Claims 8, 12-13, 16-22, 60 and 66 were rejected under 35 U.S.C. § 1 12, first paragraph 

on the grounds that the specification allegedly fails to enable the full scope of the claims. To the 
extent that the rejection is applied to the amended claims, Applicants respectfully traverse. 

The Office Action alleges that the specification while being enabling for an 
oligodeoxynucleotide having a phosphate backbone modification, does not reasonably provide 
enablement for any other claimed embodiment. In particular, the Office Action states that "in 
order to induce any meaningful immune response in an animal model, an administered 
oligodeoxynucleotide must be modified to have a phosphate backbone modification, whereby 
such modification would alleviate a rapid degradation of the oligodeoxynucleotide. . ." That is, 
the Office Action alleges that in claims 8, 12-15, 19-22, 60 and 66-67, the oligodeoxynucleotide 
must be limited to a phosphate backbone modification, as only these oligonucleotides would be 
of use in vivo. While Applicants maintain that the oligonucleotides of claims 8, 12-15, 19-22, 60 
and 66-67 have utility in addition to in vivo uses, to the extent that the oligonucleotides are used 
in vivo, the relevant feature is the resistance to in vivo degradation, not the particular means by 
which the resistance is achieved. Oligonucleotides that are resistant to degradation in vivo, that 
is stabilized oligonucleotides, were well known in the art as of the filing date of the subject 
application as evidenced by, for example, Dias & Stein, "Antisense oligonucleotides: basic 
concepts and mechanisms" Molecular Cancer Therapeutics 1 : 347-3 55 (March 2002), a copy of 
which is attached herewith. 
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The language of the claim has been amended to clarify that the claimed oligonucleotide is 
a "stabilized oligodeoxynucleotide," that is an oligonucleotide that is relatively resistant to in 
vivo degradation, as described inter alia on page 16, line 28 through page 17, line 7. Numerous 
non-limiting examples, in addition to phosphate backbone modifications, are provided in the 
specification to guide one of skill in the art in the production of stabilized oligonucleotides of the 
formula recited in claim 8. For example, in addition to phosphorothioate, phosphodiester and 
alkylphosphotriester modified backbones stabilized oligonucleotides can also be modified by the 
presence of nonionic DNA analogs (such as alkyl- and aryl phosphonates) or a diol moiety (such 
as tetraethyleneglycol or hexaethyleneglycol). Each of these stabilizing modifications and 
methods for their production were well known in the art as of the filing date of the subject 
application. Thus, one of skill in the art would have been able, as of the filing date of the subject 
application, to produce any of a wide variety of stabilized oligonucleotides in addition to those 
with a phosphate backbone modification. Accordingly, the specification fully supports the 
production of the stabilized oligonucleotides of claims 8, 12-15, 19-22, 60 and 66-67, and the 
rejection should be withdrawn. 

Claims 8 and 22 are not anticipated or obvious 

Claims 8, 16-18 and 22 were rejected as allegedly anticipated under 35 U.S.C. § 102(a) 

by Mahairas (Proc. Natl. Acad. Sci. USA 96:9739-9744, 1999. The Office Action alleges that 
GenBank Accession No. AQ834558 anticipates the oligonucleotides of claim 8, 16-18 and 22. 
To the extent that the rejection is applied to the claims as amended, Applicants traverse. 

Claims 8 and 22 recite an oligodeoxynucleotide of between 18 and 30 nucleotides in 
length. To expedite prosecution of this application, Applicants have amended the claims to 
indicate that the oligodeoxynucleotides of claims 8 and 22 are within specified length 
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parameters. The claims are amended herein to recite stabilized oligodeoxynucleotides of finite 
length, that is, less than 30 nucleotides in length, and thus do not read on genomic sequences. 
Applicants expressly reserve the right to pursue claims to oligodeoxynucleotides of at least 16 
nucleotides in length in another application. 

Mahairas relates to Sequence Tagged Connectors (STC). It is our understanding that 
STC refer to the end sequences of randomly cleaved bacterial artificial chromosome (BAC) 
inserts. Such inserts contain lengthy portions of genomic DNA rather than oligonucleotides. 
Indeed, Accession No. AQ834558, which appears to be an STC is 493 nucleotides in length. 
Thus, Mahairas is unrelated to the claimed invention and does not anticipate or render obvious a 
stabilized oligodeoxynucleotide of between 18 and 30 nucleotides in length as recited in claims 8 
and 22. Similarly, SEQ ID NO:36 of U.S. Patent No. 5,756,323 and SEQ ID NO:8 of WO 
98/38317 do not teach stabilized oligodeoxynucleotides of between 18 and 30 nucleotides in 
length as recited in claims 8 and 22, and therefore do not anticipate or render obvious the 
claimed invention. Accordingly, the rejection should be withdrawn. 

Double Patenting 

Claims 8, 12-22 and 60-66 were provisionally rejected under the judicially created 
doctrine of obviousness-type double patenting over claims 1-14 of copending Application No. 
09/958,713. Applicants respectfully request that this rejection be held in abeyance until the 
claims are considered allowable, or until claims 1-14 of Application No. 09/958,713 have issued. 

Conclusion 

In light of the foregoing amendments and remarks, Applicants believe that the claims are 
now in condition for allowance. In the event that additional issues remain, Applicants 
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respectfully request a telephonic interview prior to the preparation of any additional written 
Office Action. 



One World Trade Center, Suite 1600 
121 S.W. Salmon Street 
Portland, Oregon 97204 
Telephone: (503) 226-7391 
Facsimile: (503) 228-9446 



Respectfully submitted, 



KLARQUIST SPARKMAN, LLP 
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Minireview 

Antisense Oligonucleotides: Basic Concepts and Mechanisms 



Nathalie Dias and C. A. Stein 1 

Columbia University, New York, New York 10032 

Conceptual simplicity, the possibility of rational design, rel- 
atively inexpensive cost, and developments in the sequenc- 
ing of human genome have led to the use of short fragments 
of nucleic acid, commonly called oligonucleotides, either as 
therapeutic agents or as tools to study gene function. Fur- 
thermore, in the past decade, the development of antisense 
oligonucleotide technologies as therapeutics agents has led 
to Food and Drug Administration approval for the commer- 
cialization of the first antisense oligonucleotide, Vitravene (for 
cytomegalovirus retinitis; Refs. 1 and 2), and to numerous 
clinical trials of therapeutic oligonucleotides (3). 

The concept underlying antisense technology is relatively 
straightforward: the use of a sequence, complementary by 
virtue of Watson-Crick bp hybridization, to a specific mRNA 
can inhibit its expression and then induce a blockade in the 
transfer of genetic information from DNA to protein. How- 
ever, although antisense oligonucleotides are commonly in 
use now both in the laboratory and clinic, this theoretical 
simplicity belies the many questions concerning the molec- 
ular mechanisms of action of these compounds. It is our 
contention that a highly critical approach must still be taken 
in interpreting data derived from experiments using anti- 
sense oligonucleotides. It remains relatively easy to claim 
that experimentally observed biological effects occur by an 
antisense mechanism; nevertheless, it is also easy to ignore 
those nonspecific effects that can provide a virtually identical 
explanation of the observed phenotype, especially when ol- 
igonucleotides with phosphorothioate backbones are used. 
These themes will be expounded in some detail in this review. 

Oligonucleotide Chemistries 

Oligonucleotides are unmodified or chemically modified sin- 
gle-stranded DNA molecules. In general, they are relatively 
short (13-25 nucleotides) and hybridize (at least in theory) to 
a unique sequence in the total pool of targets present in cells. 
Although it is not a complicated matter to synthesize phos- 
phodiester oligonucleotides, their use is limited as they are 
rapidly degraded by the intracellular endonucleases and 
exonucleases, usually via 3'->5' activity (4-6). In addition, 
the degradation products of phosphodiester oligonucleo- 
tides, dNMP 2 mononucleotides, may be cytotoxic and also 
exert antiproliferative effects (7). Koziolkiewicz ef a/. (8) have 
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demonstrated that the toxic effects of dNMPs can be corre- 
lated with mononucleotide dephosphorylation by the cell- 
surface enzyme ecto-5' -nucleotidase. In human umbilical 
vein endothelial cells, and in HeLa cells, this enzyme dephos- 
phorylates dNMP to the corresponding nucleoside, which 
then inhibits the function of other critical proteins, such as 
thymidine kinase (9), an event that can result in inhibition of 
cell growth. Deoxyribonucleotide phosphodiester oligonu- 
cleotides should therefore not be used in antisense experi- 
ments. However, many successful (to some extent) chemical 
modifications (Fig. 1) have been developed to attempt to 
overcome these problems. 

The first chemically synthesized modified oligonucleotides 
were the methylphosphonates. Methylphosphonate oligonu- 
cleotides are noncharged oligomers, in which a nonbridging 
oxygen atom is replaced by a methyl group at each phos- 
phorus in the oligonucleotide chain. Although these oligonu- 
cleotides have excellent stability in biological systems (10), 
the absence of charge reduces their solubility. Absence of 
charge also reduces their cellular uptake (11, 12), which 
appears to occur predominately via the process of adsorp- 
tive endocytosis (13) and not by diffusion through mem- 
branes (14). Whereas the absence of charge eliminates char- 
ge-charge repulsions that would ordinarily occur during the 
formation of an RNA-DNA duplex, methylphosphonate link- 
ages are also inherently helix-destabilizing and, most impor- 
tantly, cannot activate RNase H activity (see below). These 
features severely restrict their use as antisense effector 
molecules. 

The phosphorothioates are the most widely studied oligo- 
nucleotides, because of their nuclease stability (although 
they are by no means nuclease proof) and relative ease of 
synthesis. However, the replacement of one of the nonbridg- 
ing oxygens by sulfur at each phosphorus in the oligonucleo- 
tide chain introduces chirality at phosphorus. In fact, it is only 
the Sp phosphorothioate diastereomer that is nuclease re- 
sistant. The Rp diastereomer is as nuclease sensitive as a 
phosphodiester linkage. However, the Sp linkage is, like the 
methylphosphonate linkage, sterically helix destabilizing, a 
property that tends to decrease the melting temperature (Tm) 
of the oligonucleotide/mRNA complexes relative to the nat- 
ural phosphodiester oligomer (15). However, phosphorothio- 
ate oligonucleotides are highly soluble and have excellent 
antisense activity. Critically, they are also capable of activat- 
ing RNase H activity. During the last 2 decades, many reports 
have been published using this backbone to generate anti- 
sense effects both in tissue culture and in vivo. These data 
have led to the introduction of phosphorothioate oligonu- 
cleotides into clinical therapeutic trials. At the present time, 
the most promising of these are G3139, an 18-mer targeted 
to the initiation codons of the bc/-2 mRNA (now being eval- 
uated clinically in melanoma, chronic lymphocytic leukemia, 
and other tumors), and Isis 3521 , a 20-mer targeted to the 3' 



348 Antisense Oligonucleotides: Concepts and Mechanisms 



Phosphodieter 



odiester | 



.A 




V° 



.0 OMo 



RNA 2'-0-Methy1 



NH 



PNA 



N 0 

CONH- 



N 
I 

O = P - N 

I 

o — ^ ^o. 



\ 



I HN. 



N 



Morphofino 



3' 



\ 



Phosphorothioate Melhylphosphonate N3 *- >PS ' Phosphoramidate 

Fig. 1. Chemical structures of the oligonucleotides. 



untranslated region of the protein kinase C-a isoform, which 
is being evaluated currently in non-small cell lung cancer. In 
preliminary studies with G3139 in combination with dimethyl 
triazeno imidazole carboxamide in advanced melanoma, 
several striking objective responses have been observed 
(16). In advanced lung cancer, early results with Isis 3521 
when added to combination chemotherapy have raised 
speculation that life expectancy may be prolonged as much 
as 50% (17). 

Despite the fact the phosphorothioates are the most 
widely used oligonucleotides, they have many properties 
which render them suboptimal antisense effector molecules. 
The phosphorothioate backbone is known to induce 
sequence-independent effects attributable to its length- 
dependent high affinity for various cellular proteins, espe- 
cially heparin-binding growth factors, such as acidic 
fibroblast growth factor, basic fibroblast growth factor, plate- 
let-derived growth factor, and vascular endothelial growth 
factor, and a host of other heparin-binding molecules, such 
as laminin, fibronectin, and Mac-1 (18-21). However, it also 
may well be true that these "problems" may actually con- 
tribute to observed clinical responses by synergizing with the 
down-regulation of the specific target. Indeed, it is difficult to 



credit the notion that the extremely specific down-regulation 
of a single target (and virtually no other targets) will lead to 
much in the way of clinical responses. Viewed in this light, the 
attractiveness of the phosphorothioate backbone markedly 
increases, and we contend that despite the interesting prop- 
erties of chemically modified backbones that we will de- 
scribe, the phosphorothioates will continue to be extensively, 
perhaps even exclusively, used in the clinical trial setting. 

Nevertheless, in an attempt to overcome the various non- 
specific problems, new chemical modifications have been 
developed. These "second-generation" oligonucleotides are 
resistant to degradation by cellular nucleases and hybridize 
specifically to their target mRNA with higher affinity than the 
isosequential phosphodiester or phosphorothioate. How- 
ever, such antisense effects result from RNase H-independ- 
ent mechanisms. 

Extremely important, increasingly common oligonucleo- 
tide modification involves replacement of the hydrogen at the 
2 '-position of ribose by an O-alkyl group, most frequently 
methyl. These oligonucleotides form high melting heterodu- 
plexes with targeted mRNA (22) and induce an antisense 
effect by a non-RNase H-dependent mechanism. Baker et al. 
(23) demonstrated that the 2'-0-(2-methoxy)ethyl oligonu- 
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cleotides, ISIS11158 and ISIS 11159, targeted to the 5' cap 
region of the human ICAM-1 , modulate one or more of the 
earlier steps in mRNA translation, probably as a result of 
interference with translation initiation, more specifically with 
ribosomal assembly. This was demonstrated by the use of a 
polysome profile, in which a major portion of the targeted 
transcript in ISIS 11158- and 11159-treated cells was local- 
ized to the 40S and 60S subpolysome fractions. In contrast, 
the polysome profile with scrambled control oligonucleotide 
demonstrated that most of the full transcript could be found 
in the monosome or polysome fractions. Nevertheless, de- 
spite their inability to induce RNase H activity, these oligo- 
nucleotides were still potent inhibitors of ICAM-1 expression 
in human umbilical vein endothelial cells. 

Stable oligonucleotides have also been produced that do 
not possess the natural phosphate-ribose backbone. PNAs 
are nucleic acid analogues that contain an uncharged, flex- 
ible, polyamide backbone comprised of repeating A/-(2- 
aminoethyl)glycine units to which the nucleobases are at- 
tached via methylene carbonyl linkers (24, 25). These 
oligomers can form very stable duplexes or triplexes with 
nucleic acids: single or double-strand DNA or RNA (25, 26). 
The property of high-affinity nucleic acid binding can be 
explained by the lack of electrostatic repulsion because of 
the absence of negative charges on the PNA oligomers. 
Because PNAs are not substrates for the RNase H or other 
RNases, the antisense mechanism of PNAs depends on 
steric hindrance. PNAs can also bind to DNA and inhibit RNA 
polymerase initiation and elongation (27-29), as well as the 
binding and action of transcription factors, such as nuclear 
factor kB (30). PNAs can also bind mRNA and inhibit splicing 
(31) or translation initiation and elongation (32-36). 

Phosphorodiamidate morpholino oligomers also have sev- 
eral properties considered desirable for antisense purposes. 
Here, the deoxyribose moiety is replaced by a morpholine 
ring, and the charged phosphodiester intersubunit linkage is 
replaced by an uncharged phosphorodiamidate linkage (37). 
These oligonucleotides are very stable in biological systems 
(38) and exhibit efficient antisense activity in cell-free trans- 
lation systems and in a few cultured animal cell lines (39, 40). 
However, as the morpholino oligomers are not charged, they 
should have far fewer nonspecific properties that phospho- 
rothioate. Nevertheless, they are not substrates for RNase H 
and do not form complexes with cationic lipids or other 
commonly used cationic delivery reagents. To overcome this 
problem, Partridge et ai (41) have used a scrape loading 
technique to facilitate oligonucleotide penetration, thus max- 
imizing their antisense effects. The permeation of cells with 
streptolysin O is another method that has been used for the 
cellular delivery of morpholino oligonucleotides (42). 

Another example of a "second-generation" oligonucleo- 
tide is the N3'->P5' PN, which result from the replacement of 
the oxygen at the 3' position on ribose by an amine group. 
These oligonucleotides can, relative to their isosequential 
phosphodiester counterparts, form very stable complexes 
with RNA and single- or double-stranded DNA (43, 44). Un- 
der some conditions, PN can exhibit highly selective and 
specific antisense activity in vitro and in vivo. An 1 1 -mer PN, 
complementary to junction region of the bcr-abi mRNA, a 



protein thought to be a determinant of the chronic myelog- 
enous leukemia phenotype, efficiently inhibited the growth of 
treated BV173 cells. This inhibition has been associated with 
a decrease in the levels of the bcl-abt mRNA. Because PNs 
are not inducers of RNase H activity, the authors explained 
these results by suggesting the existence of a hitherto un- 
known enzyme, which is able to cleave the heteroduplex 
formed by the PN and the mRNA (45). Another PN, a 1 5-mer 
oligonucleotide targeted to the start codon of the c-myc 
proto-oncogene selectively inhibited the c-myc protein ex- 
pression and the proliferation of HL-60 cells. The control, a 
mismatched PN oligonucleotide, had no effect on protein 
expression and cellular proliferation. These in vitro experi- 
ments were extended to an in vivo mouse model. Leukemic 
severe combined immunedeficiency mice bearing HL-60 
cells were treated with different doses of the anti-c-myc and 
control PN oligonucleotides. The antisense PN demon- 
strated high sequence specific activity, as the mice treated 
with 900 /xg/day the antisense oligonucleotide survived 30 
weeks, compared with the control mice, treated with the 
mismatched oligonucleotide, which survived only 7 weeks 
(46). However, subsequent studies with the PN backbone, 
have demonstrated that these oligomers exert far more non- 
sequence-specific effects than were thought initially. 

The plethora of nonspecific effects observed with the 
RNase H-dependent phosphorothioate oligonucleotides 
have led to the mixing and matching oligonucleotide chem- 
istries to create increased specificity. Specificity, as well as 
efficacy, can be increased by using a chimeric oligonucleo- 
tide, in which the RNase H-competent segment, usually a 
phosphorothioate moiety, is bounded on one or both termini 
by a higher-affinity region of modified RNA (47, 48), fre- 
quently 2'O-alkyloligoribonucleotides (22, 49), This substitu- 
tion not only increases the affinity of the oligonucleotide for 
its target but reduces the cleavage of nontargeted mRNAs by 
RNase H (49, 50). Two chimeric 2'-0-Methyl/phosphorothio- 
ate antisense oligonucleotides are now in clinical trials: one 
targets the Rla subunit of protein kinase A, and the other 
targets cytomegalovirus-induced retinitis (3). 

Mechanism of Action 

Oligonucleotides are in theory designed to specifically mod- 
ulate the transfer of the genetic information to protein, but 
the mechanisms by which an oligonucleotide can induce a 
biological effect are subtle and complex. Although some of 
these mechanisms of inhibition have characterized, rigorous 
proof for others is still frequently lacking. On the basis of 
mechanism of action, two classes of antisense oligonucleo- 
tide can be discerned: (a) the RNase H-dependent oligonu- 
cleotides, which induce the degradation of mRNA; and (b) 
the steric-blocker oligonucleotides, which physically prevent 
or inhibit the progression of splicing or the translational ma- 
chinery. 

The majority of the antisense drugs investigated in the 
clinic function via an RNase H-dependent mechanism. 
RNase H is a ubiquitous enzyme that hydrolyzes the RNA 
strand of an RNA/DNA duplex. Oligonucleotide-assisted 
RNase H-dependent reduction of targeted RNA expression 
can be quite efficient, reaching 80-95% down-regulation of 
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protein and mRNA expression. Furthermore, in contrast to 
the steric-blocker oligonucleotides, RNase H-dependent ol- 
igonucleotides can inhibit protein expression when targeted 
to virtually any region of the mRNA. Thus, whereas most 
steric-blocker oligonucleotides are efficient only when tar- 
geted to the 5'- or AUG initiation codon region, phosphoro- 
thioate oligonucleotides, e.g., can inhibit protein expression 
when targeted to widely separated areas in the coding region 
(51,52). 

The importance of RNase H-induced cleavage of mRNA 
has been demonstrated in at least four systems, including 
wheat germ extract (53), rabbit reticulocyte lysate (54), Xe- 
nopus oocytes (55), and human leukemia cells (56). RNase H 
competent backbones include oligodeoxynucleotide phos- 
phodiesters and phosphorothioates. 2'-fluorooligodeoxynu- 
cleotides are also RNase H competent (57, 58). Other 
modifications, including methylphosphonates, 2'-0-meth- 
yloligoribonucleotides, PNAs, and morpholino oligo- 
nucleotides, are not RNase H competent. The precise mech- 
anism by which RNase H recognizes duplexes, however, is 
not well understood. Using chimeric oligonucleotides in 
which 2'-0-methyloligoribonucleotide phosphorothioates 
are placed at the 3' and 5' termini of the oligonucleotide, 
while the central region remains phosphorothioate oligode- 
oxyribonucleotide, Monia et al. (22) demonstrated that a 5-bp 
region of homology is sufficient to induce RNase H activity. 
However, it is unclear if such a remarkable lack of "stringen- 
cy" also occurs in living human cells and/or cell lines. Despite 
this caveat, it has been shown that Isis 3521, a 20-mer 
phosphorothioate targeted to the protein kinase C (PKC)-a 
mRNA, can also down-regulate PKC-£, with which it shares 
11 bases of contiguous homology (59). This phenomenon of 
the cleavage of nontargeted mRNAs because of partial hy- 
bridization may be of major concern if oligonucleotides are 
used to validate gene function. Furthermore, although the 
use of chimeric oligonucleotides can suppress this problem, 
it does not appear to eliminate it altogether (22, 48, 60, 61). 

Other oligonucleotide modifications (2'-0-alkyl, PNA, and 
morpholinos) may use different mechanisms to inhibit protein 
expression, e.g., they can inhibit intron excision, a key step 
in the processing of mRNA. Splicing occurs during the mat- 
uration step and can be inhibited by the hybridization of an 
oligonucleotide to the 5' and 3' regions involved in this 
process (62). Such inhibition can lead to the lack of expres- 
sion of a mature protein (42, 63) or, as numerous reports 
have shown, to the correction of aberrant splicing and the 
restoration of a functional protein (64, 65). This approach has 
been also developed in mice. Most of the oligonucleotides 
capable of inhibiting splicing are non RNase H dependent 
(31,42,66). 

Numerous reports in the literature also demonstrate that 
"second-generation" oligonucleotides can efficiently inhibit 
mRNA translation. This inhibition may be attributable to the 
disruption of the ribosomes or by physically blocking the 
initiation (23) or elongation steps of protein translation. Steric 
blockade of translation can be demonstrated by the arrest of 
the polypeptide chain elongation, as shown by Diasef a/. (34) 
in 1999. In an in vitro system assay, the authors identified a 
truncated protein after incubating a PNA oligonucleotide with 



the Ha-ras mRNA. This truncated product had the same size 
as a truncated peptide produced by the RNase H-mediated 
cleavage obtained when using an isosequential phosphodi- 
ester oligonucleotide. 

However, despite the use of oligonucleotides that target 
the translation initiation codon (70% of all oligonucleotide 
sequences reported in the literature according to Tu et a/.; 
Refs. 23, 67, and 68), it may not always be an optimal site for 
targeting. For some mRNAs, sites in the 3'- or 5'-untrans- 
lated region appear to be just as reasonable a target than the 
translation initiation codon region (46, 68). The coding region 
itself appears to be somewhat less targetable. In fact, com- 
pared with the 5'-untranslated or initiation codon regions, 
there exists just a few examples of modified oligonucleotides 
able to induce an antisense effect when targeted to coding 
regions (22, 45, 69, 70). This may be attributable to the ability 
of the ribosomal machinery to unwind the oligonucleotide 
from its targeted mRNA. 

A novel, and potentially remarkable, development in oligo- 
nucleotide technology is the relatively recent finding that 
21-23-mer double-stranded RNA molecules, known as 
siRNA, can effectively silence gene expression (71 , 72). This 
effect appears to be quite profound, occurring at very low 
concentrations of oligoribonucleotide (frequently <50 nui), 
and extremely specific, both with regard to mismatches and 
backbone. Interestingly, the low concentration required and 
formation of the duplex seems to help to evade complete 
digestion by RNases. Mechanistically, it is not yet clear, 
especially in mammalian cells, just how siRNA can be so 
apparently effective. In Drosophila, e.g., it has been pro- 
posed that one of the strands of the siRNA acts as a primer 
for an RNA-dependent RNA polymerase. The resulting RNA- 
mRNA duplex is then believed to be cleaved to a series of 
21-23-mers by the RNA Ill-related enzyme Dicer (73-75). 
These cleaved 21-23-mers then repeat and effectively am- 
plify the gene-silencing process. Whether or not siRNA tech- 
nology will supplant classic oligonucleotide approaches is an 
open question at the moment. There will probably be advan- 
tages and disadvantages for each technology, and consid- 
erations of cost (which disfavor the use of siRNAs) must 
always be considered. 

Delivery of Oligonucleotides to Cells 

In order for an antisense oligonucleotide to down-regulate 
gene expression, it must penetrate into the targeted cells. To 
date, the precise mechanisms involved in oligonucleotide 
penetration are not clear. Uptake occurs through active 
transport, which in turn depends on temperature (76, 77), the 
structure and the concentration of the oligonucleotide (78), 
and the cell line. At the present time, it is believed that 
adsorptive endocytosis and fluid phase pinocytosis are the 
major mechanisms of oligonucleotide internalization, with 
the relative proportions of internalized material depending 
on oligonucleotide concentration. At relatively low oligonu- 
cleotide concentration, it is likely that internalization occurs 
via interaction with a membrane-bound receptor (76, 77). De 
Diesbach et al. (79) have recently purified and partially char- 
acterized one of these receptors. At relatively high oligonu- 
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cleotide concentration, these receptors are saturated, and 
the pinocytotic process assumes larger importance. 

Numerous reports have demonstrated that naked oligonu- 
cleotides are internalized poorly by cells whether or not they 
are negatively charged (80-82). More specifically, naked 
oligonucleotides tend to localize in endosomes/lysosomes, 
where they are unavailable for antisense purposes. Numer- 
ous experiments have demonstrated that the sine qua non of 
antisense activity appears to be nuclear localization. To im- 
prove cellular uptake and oligonucleotide spatial and tem- 
poral activity, a range of techniques and transporters have 
been developed. Simultaneously, the use of these vectors 
increases the stability of oligonucleotides against nuclease 
digestion and permits the use of far lesser (-10-fold) con- 
centrations of oligonucleotides. 

The first generation of vectors developed were liposomes, 
which are vesicular colloid vesicles generally composed of 
bilayers of phospholipids and cholesterol. Liposomes can be 
neutral or cationic, depending on the nature of the phospho- 
lipids. The nucleic acid can be easily encapsulated in the 
liposome interior, which contains an aqueous compartment, 
or be bound to the liposome surface by electrostatic inter- 
actions. These vectors, because of their positive charge, 
have high affinity for cell membranes, which are negatively 
charged under physiological conditions. As these vectors 
use the endosomal pathway to deliver oligonucleotides into 
cells, certain "helper" molecules have been added into the 
liposomes to allow the oligonucleotides to escape from the 
endosomes; these include species such as chloroquine and 
1 ,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine. These 
"helper" molecules ultimately induce endosomal membrane 
destabilization, allowing leakage of the oligonucleotide, 
which then appears to be actively transported in high con- 
centration to the nucleus (82-86). Many commercial vectors, 
such as Lipofectin and compounds known collectively as 
Eufectins, Cytofectin, Lipofectamine, etc., are commonly 
used in laboratory research studies. With some of these 
delivery vehicles, and under defined conditions, oligonucleo- 
tide concentrations of ^50 nM may be successfully used. 

The use of other cationic polymers, including poly-L-lysine 
(87, 88), PAMAM dendrimers (89), polyalkylcyanoacrylate 
nanoparticles (90, 91), and polyethyleneimine (92), have been 
also developed for drug delivery. Nucleic acids interact with 
these vectors via electrostatic interactions. Activity has been 
demonstrated in various cell lines (91 , 93, 94) and in a nude 
mice (95) model, but unfortunately, these poiyamines, which 
appear to cause endosomal rupture via a "molecular 
sponge" mechanism, tend to be somewhat toxic and are less 
commonly in use than are the cationic liposomes. 

All of these cationic delivery systems internalize oligonu- 
cleotides via an endocytosic mechanism. To avoid the re- 
sulting compartmentalization problems, consideration has 
been given to modulating plasma membrane permeability. 
By using basic peptides, one can increase oligonucleotide 
passage through the plasma membrane by a receptor- and 
transporter- independent mechanism. As these peptides 
have membrane translocation properties, covalent coupling 
with an oligonucleotide can increase the latter's penetration 
into the cell, delivering them directly into the cytoplasm and 



hence ultimately the nucleus. Several of these peptides, such 
as the Drosophila melanogaster homeotic transcription fac- 
tor, the Antennapedia peptide (96), and the Tat protein of 
HIV-1 (97), have been identified and studied. In another ex- 
ample, using fluoresceinylated oligonucleotides coupled to 
the E5CA peptide, which corresponds to the NH 2 -terminal 
segment of the HA2 subunit of the influenza virus agglutinin 
protein, Pichon era/. (98) demonstrated that oligonucleotides 
were rapidly taken up by cells and diffused into the nucleus. 

An additional approach to oligonucleotide internalization is 
to generate transient permeabilization of the plasma mem- 
brane and allow naked oligonucleotides to penetrate into the 
cells by diffusion. This approach involves the formation of 
transitory pores in the membrane, induced either chemically 
by streptolysin 0 permeabilization (99, 100), mechanically by 
microinjection (101) or scrape loading (41), or produced by 
electroporation (102, 103). All of these methods, under de- 
fined circumstances, can permit charged or uncharged oli- 
gonucleotides to enter cells rapidly and localize in the nu- 
cleus, where they produce antisense inhibition of gene 
function. They are obviously not useful in vivo, and their 
relevance for purposes of validation of gene function must 
also be questioned. 

The use of vectors in antisense drug delivery in vivo re- 
mains, at this point, a somewhat open question. In contrast 
to in vitro studies, all of the clinical trials with antisense 
oligonucleotides are carried out with naked oligonucleotides 
(51 , 1 04). A delivery vehicle does not appear to be needed as 
endosomal/lysosomal sequestration, and lack of nuclear lo- 
calization does not appear to be a problem. It has been 
proposed that endogenous molecules can promote physio- 
logical delivery, but the evidence for this conjecture at pres- 
ent is scant. 

Efficiency of Antisense Oligonucleotides 

In practice, only a few complementary oligonucleotides can 
successfully hybridize to a targeted mRNA (67). It is assumed 
that this is largely because of problems of target accessibil- 
ity, which in turn may be because of the secondary or tertiary 
mRNA structure and/or to the proteins bound to the RNA. 

To define the best mRNA hybridization sites, several pre- 
dictive methods have recently been developed. Ding and 
Lawrence (105) proposed a method based on the determi- 
nation of the RNA structures using algorithms and thermo- 
dynamic and structural properties of the RNA. 3 Sczakiel etal. 
used a similar approach to select effective antisense oligo- 
nucleotides. They used a systemic alignment of computer- 
predicted secondary structures of local sequences of the 
targeted RNA to identify favorable local target sequences 
and then designed more effective antisense oligonucleo- 
tides. Using this method, they found that 17 of the 34 anti- 
sense oligonucleotides tested showed significant inhibition 
(>50%) of ICAM-1 expression in mammalian cells (106- 
1 08). Another selection method is based on the determina- 
tion of the melting temperatures (109) or the free energies of 



3 Internet address: http://biolnfo.math .rpl.edu/~zuckerm/rna/. 
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formation of the oligonucleotide/RNA duplexes (110, 111). 
Additional recent methods have used combinatorial oligonu- 
cleotides, which are used to identify the hybridization sites 
directly within the RNA. These sites are revealed by RNase H 
cleavage (112), microarrays (113, 114), or MALDI-TOF mass 
spectrometry (115). Despite the fact these methodologies 
are somewhat cumbersome, they may indeed ultimately 
identify excellent target sites. 

Questions of Specificity and Controls in Antisense 
Oligonucleotide Experiments 

To determine whether observed biological effect results from 
an antisense mechanism and not from nonspecific effects, 
experiments must be performed with adequate controls. The 
nature of these controls has recently been summarized by 
Stein (116) and will not be reviewed again here. However, it 
is important to remember that the "gold standard" of anti- 
sense efficacy is down-regulation of protein expression com- 
bined, if phosphorothioate oligonucleotides are used, with 
RNase H-dependent down-regulation of mRNA expression 
as demonstrated by Northern blot. Biological end points 
cannot be used as proof of antisense efficacy because of the 
intrinsic activity of the phosphorothioate backbone. 

When sterically blocking oligonucleotides are used, North- 
ern blotting becomes irrelevant as these oligonucleotides do 
not induce mRNA cleavage by the RNase H. To demonstrate 
antisense efficacy, one can, e.g., demonstrate the synthesis 
of a truncated peptide (34). However, if the targeted site is at 
the 5' region or the AUG initiation start codon, then only 
Western blots will be useful. 

Toward the Future 

Over the past 2 decades, the antisense oligonucleotide tech- 
nology has emerged as a valid approach to selectively mod- 
ulate gene expression. By adhering to a strict set of specific 
rules, ongoing in vitro studies using antisense oligonucleo- 
tides permit the characterization of new targets and new 
potential therapeutic compounds. The number of in vitro 
experiments has increased continuously, and this has led to 
numerous therapeutic trials, a few of which now appear 
preliminarily to be positive. However, the optimal use of 
antisense oligonucleotides in the treatment of disease re- 
quires the resolution of problems relating to effective design, 
enhanced biological activity, and efficient target delivery. 
These issues are currently being actively addressed and will 
hopefully continue to shed light on ways to increase thera- 
peutic efficacy and specificity. 
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